Between-farm transmission of bovine tuberculosis (bTB) occurs mostly through fence-to-fence contact between neighbouring farms, endemic infected wildlife or movement of infected animals. Unfortunately, bTB detection is frequently delayed and identification of the source of introduction is often difficult, particularly in endemic regions. Here, we characterized the cattle movement network of Castilla y Leon, a high bTB-prevalence (1.9% at the farm level in 2015) region in Spain, over six years and analysed the distribution of bTB to ultimately assess the likelihood of spatial and movement-mediated transmission. We analysed movement and bTB data from 27,633 units located in the region, of which 87% were involved in~1.4 million movements of~8.8 million animals. Network-level connectivity was low, although a few highly connected units were identified. Up to 15% of the herds became bTB-positive at some point during the study, with the highest percentage found in bullfighting and beef herds. Although bTB-positive herds had a significantly higher degree and moved more cattle than negative herds. Results of the k-test, a permutation-based procedure, suggested that positive farms were not significantly clustered in the movement network. Location was a likely risk factor as bTB-positive farms tended to be located within 5 km from each other. Results suggested that movements may be a source of bTB in cattle in Castilla y Leon, although local factors may be more influential in determining risk of disease at the farm level. The description of the movement network in Castilla y Leon may be valuable for bTB surveillance in Spain. Moreover, results are useful to assess the movement-associated risk for multiple diseases.
| INTRODUCTION
Bovine tuberculosis (bTB) is a chronic infectious disease of animals caused by members of the Mycobacterium tuberculosis complex (MTC), mainly Mycobacterium bovis and Mycobacterium caprae (OIE, Wold Organisation for Animal Health, 2016) . Although cattle are the primary host, bTB can affect a wide range of species including livestock, wildlife, and humans (Nugent, Buddle, & Knowles, 2015; Phillips, Foster, Morris, & Teverson, 2003; de la Rua-Domenech, 2006) . Disease eradication has been challenging in certain countries due to a combination of epidemiological features, including wildlife reservoirs, limited performance of diagnostic tests and host-associated factors, and, for that reason, bTB remains endemic in many regions worldwide (EFSA, 2016; Lawes et al., 2016) .
Bovine tuberculosis may spread across short-distances through fence-line contact between neighbouring farms, leading to the spatial clustering of cases (Skuce, Allen, & McDowell, 2012a) . Nevertheless, long-distance between-farm spread may also occur due to movements of infectious livestock (Gilbert et al., 2005) , and the importance of between-farm movements as a route for the spread of infectious diseases in general (Ezanno, Fourichon, Beaudeau, & Seegers, 2006) and bTB in particular (Gopal, Goodchild, Hewinson, de la Rua Domenech, & Clifton-Hadley, 2006) has been demonstrated in the past. In this context, cattle traceability systems may be used as tools to study the network of potential transmission routes based on interactions between herds (Eames & Keeling, 2003) . Social network analysis provides a conceptual framework that allows the study of contact patterns between units (i.e., farms) to identify those most frequently or intensively connected within the network, and could ultimately lead to a better understanding of the potential risk for bTB spread in a susceptible cattle population through the evaluation of the distribution of positive units within the network (Dube, Ribble, Kelton, & McNab, 2009; Martinez-Lopez, Perez, & Sanchez-Vizcaino, 2009 ). Several analytical approaches can be then applied to quantify the role of movement networks in disease transmission (Brooks-Pollock, Roberts, & Keeling, 2014; Gilbert et al., 2005) .
Despite the resources and efforts invested on the bTB eradication programme in Spain, herd prevalence has remained relatively constant for the last 15 years (2.1% in 2000 and 2.8% in 2015)
(Ministerio de Agricultura y Pesca, Alimentación y Medio Ambiente, 2017b). The Spanish bTB eradication programme is based on a testand-cull strategy using mainly the single intradermal tuberculin test (Hassig et al., 2015) on animals older than 6 weeks of age and the interferon-gamma (IFN-γ) assay as an ancillary test in infected herds to increase diagnostic sensitivity (Council Directive 64/432/EEC).
Positive animals are then culled and sampled for confirmation of the infection through post-mortem inspection for detection of lesions compatible with bTB and bacteriological culture of the causative agent (Gormley, Corner, Costello, & Rodriguez-Campos, 2014) . Additionally, abattoir inspection is also conducted as passive surveillance on all slaughtered animals (Schiller et al., 2010) . Positive herds are subjected to movement restrictions to prevent disease spread until they recover the officially tuberculosis free (OTF) status. A large proportion of infected herds in Spain are located in certain geographical areas where conditions that favour disease persistence are relatively common, such as presence of wildlife reservoirs and predominance of certain management or production types (especially extensively managed bullfighting and beef herds), among others . The Castilla y Leon autonomous community, located in the northwestern-central region of Spain, is home to the country's largest cattle population, accounting for 21% of Spain's total (1,204,920 heads in 2015) . Castilla y Leon is considered one of the highly prevalent regions of Spain, which are defined as those areas with a bTB prevalence higher than 1%. In 2015, herd prevalence was 1.93% (Ministerio de Agricultura y Pesca, Alimentación y Medio Ambiente, 2017b). Additionally, 29% of all non-OTF herds in Spain were located in this region (Ministerio de Agricultura y Pesca, Alimentación y Medio Ambiente, 2017a).
Here, social network analysis was used to (a) 
| MATERIALS AND METHODS

| Study population, data sources, and descriptive analysis
The total area of Castilla y Leon is 94,224 km 2 (INE (Instituto Nacional de Estadistica), 2016). Here, the terms farm and herd are used indistinctly to refer beef, dairy, bullfighting, fattening, mixed or heifer breeding holdings, whereas the term unit is used to refer to all farms and other production entities that hold live cattle at some point, such as slaughterhouses (see below for non-herd categories) (Supporting Information Table S1 ).
Information on the cattle population, movements and bTB diagnostic tests in Castilla y Leon was collected through the SITRAN information system (Ministerio de Agricultura y Pesca, Alimentacion between units within Castilla y Leon and other countries were also included in the database, but no information on production type, location, and census was available for those units located outside
Spain. Geographic distances in kilometers (km) of all movements connecting units within Castilla y Leon were calculated using the Haversine formula. The distances covered and the number of animals moved per movement were then compared by production type using the Kruskal-Wallis test followed by post-hoc tests using Bonferroni corrections for multiple comparisons. Farms for which information on location, production type and/or census and movements in which origin, destination, and/or date were not available were removed prior to the analysis.
In addition, information on the date, type of intervention (routine testing, pre-movement test, or follow-up tests in bTB-positive farms), date in which OTF status was acquired or withdrawn, number of animals tested and number of reactors in the skin test, and/or the IFN-γ assay for herd-tests performed in the frame of the bTB eradication programme were collected. The total number of cattle older than 6 weeks tested per herd was used to calculate herd size. All OTF farms undergo one or two annual herd-tests depending on the bTB prevalence in their local area. Farms identified as infected (≥1 animal positive in post-mortem analyses) are subjected to follow-up tests that must be conducted within the following 2-6 months until they recover the OTF status (two consecutive negative herd-tests separated by at least 60 days). In addition, all animals are subject to a pre-movement test before leaving the farm except when leaving a historically OTF herd (OTF for over three consecutive years) located in a low (<1%) prevalence area and going to a high (>1) prevalence area. Because all active farms must undergo at least one annual herd test as part of the bTB eradication programme, farms included in the SITRAN dataset that had not been tested were considered inactive and excluded from the study. Our study focused on OTF routine testing and follow-up tests. We defined a herd as positive when there was at least one reactor to the skin test, the IFN-γ assay and/ or any post-mortem (slaughterhouse surveillance and/or bacteriology) tests irrespective of whether bTB was confirmed through bacterial isolation. No experimental research on animals was conducted in this study.
| Network analysis
We constructed contact networks in which units were defined as nodes (vertices) and movements between units were considered edges. The consequent contact network (g) based on movements during the study period was assumed directed (g ij ≠ g ji ) due to contacts having a particular origin (node i) and destination (node j) with specific direction in the affiliation (Jackson, 2008) .
To assess the stability of the network over time, six annual networks were constructed for each of the 6 years of study, and a cumulative network of all movements between 2010 and 2015 was also created in order to capture the global network structure. Two network analyses were conducted; the first analysis included all movements (full network, FN), whereas the second analysis excluded movements that involved farms of unknown type or slaughterhouses (restricted or slaughterhouse-free (SF) network). Metrics of individual node connectivity (in-degree and out-degree) (Jackson, 2008; Wasserman & Faust, 1994) were calculated yearly and in the cumulative network. The correlation between the in-degree and outdegree of a unit was evaluated using Spearman's non-parametric rank correlation (ρ) statistic. Flow polarity (fp a ) was estimated to further analyse the position along the supply chain of units, and to evaluate the dominance of either suppliers, demanders, or wholesalers (Moslonka-Lefebvre et al., 2016) . This parameter is defined as the difference of each unit's in-and out-trade flows divided by its total-trade flow (−1 ≤ fp a < 1). Farm-level metrics were calculated on the cumulative network, and in-and out-degree were compared using Wilcoxon signed rank test for paired samples. To detect differences in the in-and out-degree depending on the farm characteristics and bTB status the Kruskal-Wallis test was used to compare the degree distributions between production types, Spearman's ρ was used to assess the correlation between herd size and degree distribution, and Mann-Whitney test was used to detect significant differences between bTB-positive and -negative units. Because bTBpositive farms are subject to movement restrictions until they recover OTF status, farm-level metrics (in-and out-degree, total number of incoming and outgoing movements, and total number of animals entering/leaving the farm) were divided by the number of months farms were classified as OTF for comparison of values obtained in bTB versus OTF farms ("weighted degrees").
Network-level parameters (average path length, density, diameter, transitivity (clustering coefficient), Jaccard index, proportion of nodes in giant strongly and weakly connected components (GSCC and GWCC, respectively), and assortativity) (Jaccard, 1912; Jackson, 2008; Klimkova, Senkerik, & Zelinka, 2011; Newman, 2002; Wasserman & Faust, 1994) were estimated for the six annual and the cumulative networks using both the entire dataset, and a dataset that excluded slaughterhouses. Scale-free properties were tested to determine whether degree distributions fit a power law drawn from a probability distribution of the kind p(X)~X
, where α is a constant parameter of the distribution known as the exponent or scaling parameter, and X is the number of in or out movements per unit (Clauset, Shalizi, & Newman, 2009 ). Few empirical phenomena obey power laws for all values of X; for that reason, a lower bound of X (X min ) to the power law behaviour that minimizes the distance between the theoretical and empirical data was estimated (the Kolmogorov-Smirnov statistic). To determine whether the power law distribution with the chosen α and X min parameters was a good fit to the data, a one-side goodness of fit test via a bootstrapping procedure was performed using a p-value <0.1. Moreover, a likelihoodratio test to evaluate whether alternative distributions to the power law (such as the exponential and log-normal distributions) might provide a better fit was computed. The presence of small world properties (networks with higher clustering coefficient (CC) and a longer shortest path length (L) than generated random networks with the same size and average connection density as the observed network, that is, CC observed /CC random >>1 and L observed /L random ≤ 1) was also tested (Watts & Strogatz, 1998 Table S3 ).
To evaluate whether there was a significant relation between the observed network and the distribution of cases across the network, a permutation test was performed. The observed distribution of the bTB-positive farms in the movement network and in geographic space was compared independently with the expected under the null hypothesis of random distribution of cases in space and within the network using the k-test as described elsewhere (VanderWaal, Enns, Picasso, Packer, & Craft, 2016; .
Briefly, the k-test compares the observed number of bTB-positive farms neighbouring a given bTB-positive farm in space (within a certain distance) and in the movement network (within a certain number of movements) with the expected distribution under the null hypothesis, generated through 1,000 Monte Carlo simulations in which the bTB status of farms in the population under study is permutated. Reallocation of bTB cases was performed using a degreeswapping approach to preserve the overall degree distribution of bTB-positive farms while randomizing the locations of positive farms relative to one another; bTB farms were randomly swapped with farms whose degree fell in the same quartile of the overall degree distribution. The k-test was performed considering farms located within 5 and 10 km distances and k = 1 steps within the network as neighbors. The k-statistic is the mean number of cases observed to occur within one step of an infected case in the network. In addition, the presence of purely spatial clustering in the distribution of bTB-positive herds up to the 20 th level of neighbourhood was assessed using the Cuzick-Edward test (Cuzick & Edwards, 1990) .
Network analyses and graphics were conducted using PMCMR (Pohlert, 2014) , sp (Pebesma & Bivand, 2005) , igraph (Csardi & Nepusz, 2006) , plyr (Wickham, 2011) , and ggplot2 (Wickham, 2009) packages for R version 3.2.2 software (R Development Core Team, 2016).
| RESULTS
| Descriptive analysis
Between 2010 and 2015, there were 27,633 units in the study region at some point during the study period. Out of the nine provinces in the region, Salamanca had the highest number of units (n = 9,427, 34.1%) (Supporting Information Figure S1 ). The number of units per year and throughout the 6-year span are shown in Table 1 .
Most units within Castilla y Leon (n = 20,374; 73.7%) were classified as herds, with beef being the predominant production type (65.5% of all of herds) followed by fattening (19.6%), dairy (8.7%), mixed (beef & dairy) (4.9%), bullfighting (1.2%), and heifer breeding farms (0.1%) ( Table 1 and Supporting Information Table S1 vince-level assortativity = 0.6).
Up to 51.3% (n = 722,508) of the total 1,408,595 movements from 2010 to 2015 had an abattoir as the destination and were removed from further analysis because they were not considered important for disease transmission (Table 2) . After their exclusion (as well as the movements involving a unit with unknown production type), the predominant destination out of the 678,574 remaining movements were fattening farms (43.1%, n = 292,139), followed by auctions and dealers (23.9%, n = 161,896), beef herds (14.7%, n = 99,703), and others (8.9%, n = 60,633). The predominant production type of the origin units was beef (56.4%, n = 382,488), followed by dairy (14.8%, n = 100,381), auctions and dealers (5,5%, n = 37,167), and others (4.6%, n = 31,302).
The most common movement type, when slaughterhouses were excluded from the analysis, was beef-to-fattening farms (25.6%, 173,522 movements), followed by beef-to-auctions (12.2%, n = 83,021), beef-to-beef (7.5%, n = 50,631), dairy-to-auctions (7.4%, n = 50,018), and dairy-to-fattening (5.4%, n = 36,545) (Table 3 , Figure 1 ). That pattern was consistent in all six annual networks.
The number of animals per movement across the full network was low (median = 2, IQR = 1-6), but significantly (p < 0.001, Kruskal-Wallis test) higher when they originated from auctions and dealers (median = 7, IQR = 2-21 in 43,491 movements) or when the destination was a pasture (median = 12, IQR = 4-27 in 28,636 movements) compared to other origins and destinations, respectively. Significant differences were also found in the number of animals involved in beef-to-fattening movements (median = 4 animals, IQR = 2-8, max. 218), beef-to-beef (median = 2, IQR = 1-5, max.
468), and dairy-to-fattening movements (median = 2, IQR = 1-3, max. 146) (p < 0.001, Kruskal-Wallis test). herds, the majority were conducted in beef herds (78.7%, n = 13,258), followed by dairy (10.5%, n = 1,762), mixed (5.9%, n = 987), fattening (3.4%, n = 567), bullfighting (1.5%, n = 249), and breeding heifer herds (0.1%, n = 12). Nevertheless, the median num- | 331 period was 6 (IQR = 6-9) and the median number of tested animals per herd test was 50 (IQR = 21-96).
| bTB surveillance data
A few (n = 5,813/112,048; 5.2%) herd-tests performed in herds resulted in the detection of at least one reactor (positive herd test) (Table 4) 
| Network analysis
The Castilla y Leon cattle movement network showed a temporally stable pattern in its structure and social network parameters. Data on the number of nodes, edges, and network-level parameters of connectivity and cohesiveness (GSCC and GWCC) by year and for the full study period are shown in Table 5 and Supporting Information Table S3 for 29 (0) 28 (0) 1 (0) 5 (0) 87 (0) 30 (0) 837 ( Figure S3 ) (goodness of fit p-value outdegree = 0.7 and p-value in-degree = 1). Likelihood ratio tests suggested an equally adequate fit when the log-normal distribution was fitted to the in-and out-degree distributions (p-values 0.95 and 0.3, respectively) (Supporting Information Figure S3 ), while a poorer fit was obtained using the exponential distribution p-values <0.0001)
for both in-degree and out-degree distributions. The same results were obtained for all production types except bullfighting and auctions (out-degree) and fattening herds (in-degree), in which the power law was not a good fit to the data (goodness of fit p < 0.1).
When considering directionality in edges, units in Castilla y Leon had significantly (p < 0.001, Wilcoxon signed rank test for paired samples) higher out-degree (median = 6, IQR = 2-12) than in-degree Both the SF and full networks were characterized by very low values for density (Table 5 , Supporting Information Table S3 ). The average path length (L) in both networks was similar (L FN = 4.9 and L SF = 4.6 for the full and SF network, respectively). The value of L SF was found to be close to that obtained in a random graph with similar statistical properties (L random = 5.6), and the clustering coefficient or average transitivity was higher than in the random graph (CC SF = 0.27 > > CC random = 0.055). Similar diameter values were found for all years of study (Table 5 , Supporting Information Table S3 ). The yearly and cumulative proportion of nodes in GSCC and GWCC was lower in the SF than in the full network (Table 5 , Supporting Information Table S3 ). At least 67% of the units moving cattle in Castilla y Leon each year were part of the GWCC of the SF network, and from 8% to 12% were part of the GSCC (Table 5) . Table S7 ). Similar results were obtained in the analysis stratified by production type (Supporting Information Table S7 ). Figure S4 Centrality and cohesiveness measures confirmed the stability of the network, with highly similar values over the years, although the sizes of the GSCC and GWCC increased over the years (Table 5 , Supporting Information Table S3 ) and differences depending on the production type were observed (Supporting Information Table S4 ).
When the k-test
Castilla y Leon units were moderately interconnected, as shown by the size of the GWCC in the cumulative SF network. The GSCC and GWCC are often related as an indicator of the minimum and maximum possible epidemic size in the absence of interventions, assuming that the sequence of movements is not considered in either metrics (Kao, Danon, Green, & Kiss, 2006) . Given that slaughterhouses are not supposed to play a role in between farm transmission of bTB, estimates from the SF network may be a better estimate of the potential spread of bTB in the absence of control measures. The Castilla y Leon network exhibited scale-free properties (Barabasi & Bonabeau, 2003) , such as the high heterogeneity in node connectivity and disassortative mixing. The degree distribution was best approximated with a power law function above a certain X min for both in-and out-degree distributions, with most of the units having a small number of connections, but a minority of units functioning as highly connected hubs (Supporting Information Figure S3 ). The power law exponents for in-and outdegree distributions (1.93 and 1.48, respectively) are in range with previous studies in Denmark (Bigras-Poulin, Barfod, Mortensen, & Greiner, 2007), Great Britain (Christley, Robinson, Lysons, & French, 2005; Christley, Pinchbeck et al., 2005) and France (Rautureau, Dufour, & Durand, 2011) . As expected, when stratifying by production type, bullfighting herds had the highest out-degree followed by dairy and beef Unsurprisingly, the main buyers in the networks were fattening farms.
Although fattening farms may mix animals from multiple locations, they would rarely send animals to locations other than slaughterhouses (Figure 2) , and hence represent a low risk from a disease transmission perspective. When the in-and/or out-degree distribution analysis was stratified by production type different characteristics (more similar to small-world properties) were observed for bullfighting,
suggesting that if present, bTB could spread more efficiently through animal movements in these herd subpopulations. The nodes included in the bullfighting networks (i.e., networks including bullfighting herds and any other unit connected through a direct movement) were also very stable through the study period, with 86% of the nodes present in networks 6 years apart (and >93% for consecutive years, compared to <85% for the SF network) (Supporting Information Table S4 ). In contrast, movements in bullfighting networks were more diverse (Jaccard Index <31% for consecutive years compared to >36% for the SF network) therefore suggesting that although the proportion of herds connected was very similar their contact patterns changed significantly even after 1 year (Supporting Information Table S4 ). correlation between in-and out-degree was found in auctions, as they gathered and sold animals to and from a large number of farms thus acting as a potential high-risk hub for transmission of infectious diseases as previously reported (Kao, Green, Johnson, & Kiss, 2007) .
Although given the slow dynamics of bovine tuberculosis and the relatively short duration of auctions (Supporting Information   Table S1 ) animal-to-animal transmission during auctions would be unlikely, the usual mixing of animals from multiple origins and the uncertainty on the minimum time needed for effective transmission of M. bovis suggests they could be used as potential targets of riskbased surveillance strategies.
Movements within Castilla y Leon tended to be local in nature,
with a large proportion of units connecting with others in the same province and within distances shorter than 32 km (Figure 3 ). Such short distance movements are consistent with those that have been reported in the national Danish (median = 15 km) (Mweu, Fournie, Halasa, Toft, & Nielsen, 2013) , French (median = 35 km) (Rautureau et al., 2011) , and Uruguayan (median = 40 km) ( cattle movement networks. Those networks also had scale-free properties and low average path length. However, considerable country-level differences were observed between the median and the 95 th percentile in network-level statistics, though admittedly direct comparisons are challenging given differences in network size and the countries areas. In our study, beef herds were the most common source of movements (Table 3) , whereas, in contrast, movements were more frequent, compared to other farm types, in Denmark and Uruguay (Mweu et al., 2013; . The small average path length values found in our study might resemble small-world properties (Watts & Strogatz, 1998) as seen in cattle trade network in Cameroon (Motta et al., 2017) , where it takes a relatively shorter path to get from one node into another comparable to that of random networks (Watts & Strogatz, 1998) . This, coupled with a higher level of clustering compared to a random network, is suggestive of small-world effect. Within such a network, bTB might maintain itself and spread even when it is at a low prevalence, either locally, or to topologically distant clusters within the network. The coexistence of both scale-free and small-world properties has been previously shown in cattle and swine movement networks in Denmark (Bigras-Poulin et al., 2007; Mweu et al., 2013) .
The proportion of bTB-positive farms was very different depending on the production type, with the disease being most prevalent in bullfighting herds and in agreement with results reported in the entire country (herd prevalence = 10.3%) (Ministerio de Agricultura y Pesca, Alimentación y Medio Ambiente, 2017a).
Such feature, together with their high out-degree (Figure 2 ), highlights the potential of bullfighting farms to act as sources of infection if movements occur before the infection is detected in a herd.
Additionally, farm density in the spatial dimension may provide additional chances of onward transmission. Given that the highest proportion of outgoing movements from bullfighting herds were to fattening farms (42.8%, (Phillips et al., 2003) . Dairy farms were less often infected than beef herds, which is consistent with results reported in France, where management practices may be similar to our study area (increased biosecurity with little opportunity for fence-to-fence contact), and where dairy cattle access to pastures is relatively infrequent, and production systems are usually intensive. Such production feature may lead to a lower risk of bTB infection, compared to beef or bullfighting cattle (Palisson, Courcoul, & Durand, 2016) .
bTB-positive farms had a higher degree, and were part of a higher number of incoming and outgoing movements that also involved a larger number of animals compared to farms that were OTF during the whole study period (Figure 4 , Supporting Information Table S7 ), suggesting that animal movements were associated with infection (Gates, Volkova, & Woolhouse, 2013; Marangon, Martini, Dalla Pozza, & Neto, 1998; Palisson et al., 2016; Picasso et al., 2017) . Interestingly, bTB-positive farms were, however, not significantly clustered in the movement network, though they were clustered in space (at distances below 10 km) ( | 337 spread from contiguous infected farms and wildlife as the top likely sources, with movement of infected animals coming after all of them (Guta et al., 2014 Cattle movements were previously found to be the source of bTB in other endemic areas such as Scotland (Gates et al., 2013) ,
France (Palisson et al., 2016) , and Italy (Marangon et al., 1998) . In contrast, limited evidence on the role of cattle movements on bTB transmission was found in cattle premises in the UK (Green, Kiss, Mitchell, & Kao, 2008) and in the Modified Accredited Zone in Michigan, US, were the effect of bTB regulations by increasing localization, decreasing volume of cattle moved and connectivity among units appeared to reduce risk of animal-movement based bTB transmission (Grear, Kaneene, Averill, & Webb, 2014) . Therefore, the contribution that cattle movements play in bTB transmission may vary between regions and countries, probably due to factors also related with the epidemiology of the disease, such as farm production systems and management, or presence of wildlife reservoirs (Skuce, Allen, & McDowell, 2012b) , further highlighting the difficulties of extrapolating results obtained elsewhere and hence the need of characterizing the network in each setting.
A limitation of this study was that farms were considered bTBpositive based on finding at least one reactor to any of the diagnostic tests (skin test, IFN-γ assay and/or post-mortem tests) performed as part of the eradication programme. That assumption may have led to an overestimation of the true bTB prevalence among herds, because some of the herds classified as bTB-positive may have not been truly infected (and infection was confirmed through culture in only 41.8% of the positive farms). However, our aim was to characterize the degree of bTB clustering in the whole region and given the overall relatively low prevalence (<5.9% of positive herds for any given year) and the high specificity of the tests routinely used for bTB diagnosis, we chose the approach presented here to maximize the power to detect bTB. Another limitation comes from the fact that several farm-level characteristics (such as production type, herd size, biosecurity, or history of bTB) could be associated with both the movement pattern of a farm and its risk for bTB and could therefore confound the relationship between the two variables described here. Still, when the number of incoming and outgoing movements/animals in bTB-positive and -negative farms was compared for each production type results did not change (Supporting Information Table S7 ). Similarly, the significant association between movements and bTB status was present for both larger (≥50 animals) and smaller (<50 animals) farms (data not shown). Further studies using more refined farm-level information are required to adequately characterize the risk of bTB in herds in Castilla y Leon.
The analysis of the Castilla y Leon network connectivity is prerequisite to identifying highly connected units that may further be targeted for the efficient control of infectious diseases, including bTB.
Previous studies suggested that targeted surveillance in high degree nodes (such as auctions and dealers but also certain farms predominantly of bullfighting and beef type in the Castilla y Leon network) could help to decrease the vulnerability of the network to infectious diseases (Christley, Pinchbeck et al., 2005; Christley, Robinson et al., 2005; . The implementation of targeted measures in the GSCC, which included 30% of the units in the network, may be valuable, although the potentially severe economic impact should be considered. In addition, bTB-infected farms were more connected to other farms in the network, compared to OTF farms (Figure 4) . However, bTB-positive farms were not clustered at the first level of neighbourhood, suggesting that factors other than movements (such as the observed spatial clustering) may also be related with disease introduction in at least a proportion of positive farms.
In conclusion, results presented here will be helpful to inform the identification of farms to be targeted as part of bTB control and surveillance activities in Castilla y Leon. Given the characteristics of the network, removing specific edges should have a much larger impact in the resulting network compared to the removal of random edges, suggesting that increased surveillance, awareness, and biosecurity enforcement targeted at community-bridging movements would be valuable for disease management . Moreover, the strong spatial clustering of bTB-positive farms found in this study suggests that local sources of infection should be also considered in order to prevent disease introduction.
Further studies, including the use of whole genome sequencing, may help to further clarify the role of local versus movementmediated transmission in the persistence of the disease in the region through the comparison of the full genomes of M. bovis strains circulating in cattle and other animal species in the farm and the surrounding area (Kao, Haydon, Lycett, & Murcia, 2014) .
Moreover, the combination of economic and epidemiological efforts is still a key gap in the literature. The incorporation of economic risk assessment must be incorporated in order to identify efficient strategies for preventing bTB spread with minimal effect on regulators and stakeholders.
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